We experimentally observed the Raman-induced self-frequency shift of highintensity dissipative Kerr solitons in high-Q silicon nitride microresonators. The Raman redshift is linearly dependent on the pump-frequency-detuning, associated with the tunability of the soliton pulse duration. OCIS codes: 190.5650, 190.4380, 140.4780, 140.3945 Introduction. -Microresonator frequency combs represent a novel technology that enables optical frequency comb generation with ultra-high repetition rate (>10 GHz), towards octave-spanning operation, in low-noise regime and with chip-scale sizes [1] . Recently discovered, the formation of temporal dissipative Kerr solitons (DKS) in microresonators enables fully coherent frequency combs [2, 3] . This has led to novel applications such as low-noise microwave generation [4] and coherent telecommunication [5] . Of particular interest is the single soliton state that corresponds to a smooth sech 2 spectral envelope and, temporally, an ultrashort femtosecond pulse train. Indeed, when being built up inside the cavity, such femtosecond solitons usually carry intense peak power due to the high-Q and large finesse of the microresonator, and therefore can excite high-order nonlinear effects of the material, including the intrapulse Raman scattering (IRS). IRS has been widely studied in silicon-based fiber optics, in which IRS induces continuous spectral redshift to soliton pulses, and could lead to complex phenomena such as soliton fission. In optical microresonators, however, IRS was rarely reported except for few simulations that revealed the existence of a stable frequency-locked soliton (also called the frequency-locked Raman (FLR) soliton [6] ), in contrast to continuously shifted fiber solitons. In this work, we experimentally demonstrate the Raman-induced self-frequency shift of DKS in silicon nitride microresonators [7] , which represents the first observation of IRS in silicon-based optical microresonators.
Introduction. -Microresonator frequency combs represent a novel technology that enables optical frequency comb generation with ultra-high repetition rate (>10 GHz), towards octave-spanning operation, in low-noise regime and with chip-scale sizes [1] . Recently discovered, the formation of temporal dissipative Kerr solitons (DKS) in microresonators enables fully coherent frequency combs [2, 3] . This has led to novel applications such as low-noise microwave generation [4] and coherent telecommunication [5] . Of particular interest is the single soliton state that corresponds to a smooth sech 2 spectral envelope and, temporally, an ultrashort femtosecond pulse train. Indeed, when being built up inside the cavity, such femtosecond solitons usually carry intense peak power due to the high-Q and large finesse of the microresonator, and therefore can excite high-order nonlinear effects of the material, including the intrapulse Raman scattering (IRS). IRS has been widely studied in silicon-based fiber optics, in which IRS induces continuous spectral redshift to soliton pulses, and could lead to complex phenomena such as soliton fission. In optical microresonators, however, IRS was rarely reported except for few simulations that revealed the existence of a stable frequency-locked soliton (also called the frequency-locked Raman (FLR) soliton [6] ), in contrast to continuously shifted fiber solitons. In this work, we experimentally demonstrate the Raman-induced self-frequency shift of DKS in silicon nitride microresonators [7] , which represents the first observation of IRS in silicon-based optical microresonators. Results. -The studied silicon nitride (SiN) microresonators are fabricated using the Photonic Damascene process [8] . Resonators have a free spectral range (FSR) of 75-100 GHz. The waveguide geometry is designed to produce anomalous dispersion at the pump wavelength (∼1550 nm), operating in the fundamental TE 00 mode, while higherorder modes are sufficiently suppressed [9] . The experimental setup is shown in Fig.1(a) . We applied a laser tuning method to generate a frequency comb as well as DKS [2] , schematically shown in Fig.1(b) . The pump frequency detuning is defined as 2πδ = ω 0 − ω p . (ω 0 and ω p are the cavity resonance frequency and the pump frequency, respectively). In the tuning process, frequency combs both in the operation regime of modulation instability (MI) (Fig.1(c) ) and in the stable soliton state (Fig.1(d, e) ) are observed. Particularly, the single-soliton-based frequency comb shows a clear spectral offset with respect to the pump frequency, while the MI comb envelope remains symmetric. Such spectral offset is attributed to the first-order Raman effect that induces a spectral redshift of the soliton pulse. As a part of the cubic nonlinearity, the Raman effect is intensity-dependent, and is therefore excited only when high-intensity and self-consistent solitons are formed in the microresonator. In the MI regime, however, the intracavity peak power is relatively low and the light pattern is temporally unstable. The intracavity peak power of the employed microresonator also numerically estimated in Fig.1(b) , which confirms the higher peak intensity of soliton combs than the unstable MI comb. The simulation, based on an extended Lugiato-Lefever equation including the Raman effect [6, 7] , confirms the spectral offset of the soliton comb, showing excellent agreement to the experiments. A Raman shock-time of ∼20 fs was extracted for SiN. Discussions. -Usually, DKS are the result of double balance between the pump and the cavity loss, and between the dispersion and the nonlinearity. With IRS, such solitons are now in triple balance in energy, chirping, as well as the intrapulse dynamics where IRS continuously redshifts the soliton component. This leads to a fixed spectral offset between the soliton and the pump frequency when the system is stationary. However, when tuning the pump frequency, we found that the Raman redshift on the soliton comb is linearly tuned, see Fig.2(a) , associated with the tunability of the soliton comb bandwidth as well as the temporal soliton pulse duration, see Fig.2(b) . An analytical explanation behind is a δ -tuned effective length of the microresonator system, with which the acquired Raman redshift shows the linear dependence on the detuning [7] . The tunability of the Raman redshift (the slope in Fig.2(b) ) is material-specific. The increase of the pump power will only increase the existence range of the stable soliton-based comb state, and extend the range of the Raman redshift. The Raman redshift can also counterbalance a spectral blue-recoil introduced by the soliton-induced Cherenkov radiation [3] . Moreover, with IRS, the quantum-noise of the pump frequency will result in a much magnified soliton spectral drift, leading to an enhanced timing jitter of the output femtosecond pulse train.
